Transgenic (Tg) mice expressing human fibroblast growth factor 8b (FGF8-b) under the probasin promoter (Tg L2-L5Elo; hereafter referred to as FGF8-b-Tg) were shown to produce FGF8-b at high levels in the prostate and epididymis and at lower levels in the testis. The present study examined the effects of FGF8-b expression on the epididymis and testis. In old (age, .6 mo) FGF8-b-Tg mice, epididymides were frequently enlarged, with epithelial and stromal hypercellularity progressing upon aging to epithelial dysplasia and malignant transformation of stroma. In addition, oligospermia, dilatation of the duct, and inflammation were frequently observed in the epididymides. In association with the epididymal changes, some FGF8-b-Tg mice presented a degenerative seminiferous epithelium of the testis. Consistent with this observation, infertile males were found in two FGF8-b-Tg mouse lines. Masson trichrome staining and immunohistochemical analysis of smooth muscle actin, laminin, and androgen receptor revealed that changes in the epididymal stroma closely resembled those previously found in the prostates of the FGF8-b-Tg mice. Genes previously found to be upregulated in the prostate of FGF8-b-Tg mice, such as osteopontin (Spp1) connective tissue growth factor (Ctgf), apolipoprotein D (Apod), and FGF receptor 1c (Fgfr1-c), were also upregulated in the epididymides, suggesting that similar molecular mechanisms were active in both tissues. However, unlike in the prostate, the changes in the epididymal epithelium of the FGF8-b-Tg mice did not progress into invasive carcinoma. The results suggest that prolonged and enhanced FGF signaling induces dramatic changes in the epididymis and testis that lead to infertility in a portion of the FGF8-b-Tg males.
INTRODUCTION
Fibroblast growth factors (FGFs) are a large family of multifunctional growth factors that regulate cellular processes, such as proliferation and differentiation, and are therefore important during embryogenesis and in maintaining adult tissue homeostasis. FGFs signal through FGF receptors (FGFRs 1-4), which are plasma membrane-spanning receptor tyrosine kinases. In the case of FGFR1, FGFR2, and FGFR3, alternative splicing produces b and c isoforms, which have specific ligand-binding properties [1] .
Fibroblast growth factor signaling is involved in the development and normal functioning of male reproductive organs, such as the testis, epididymis, and prostate [2] . The majority of the known Fgf genes are expressed in the adult mouse epididymis and testis, and all Fgfr genes, including the b and c isoforms of Fgfr1, Fgfr2, and Fgfr3, are expressed in the mouse epididymis [3] . Different Fgf and Fgfr genes have distinct expression patterns in different epididymal segments [4, 5] , but the biological significance of these patterns is not precisely known. Secreted FGF2, FGF4, and FGF8 are testisderived lumicrine factors found in the rete testis fluid [6] , and they are required for normal initial segment (IS) functions [7] . The FGFs and FGFRs have been localized to various cell types of the testis, including Sertoli cells, Leydig cells, and germ cells, and they are presumably involved in the regulation of the proliferation and differentiation of these cells [8] [9] [10] [11] . For example, FGFR1 has been localized to the sperm tail [10] , and FGFR1 signaling has been shown to be important in spermatogenesis and sperm capacitation [12] .
Further evidence for the importance of properly controlled FGF signaling in male reproduction comes from a transgenic (Tg) mouse model in which the overexpression of Fgf3 induced infertility by causing profound reproductive tract abnormalities in the ampullatory glands, vas deferens, epididymis, and seminal vesicles [13] . More recently, structurally abnormal and enlarged caput and corpus epididymides have been reported in dual-specificity phosphatase 6 (Dusp6) knockout mice [14] . This mouse model is expected to mimic disrupted FGF signaling, because DUSP6 negatively regulates mitogen-activated protein kinase (MAPK) 1/3, a downstream component of the FGF pathway.
A mitogenic and transforming growth factor, FGF8 was originally cloned as an androgen-inducible growth factor from Shionogi mouse mammary tumor-derived SC-3 cells [15] . Alternative splicing of the mouse Fgf8 gene produces eight different isoforms (a-h), of which FGF8-b has the highest potential in transforming NIH-3T3 cells [16] . FGF8 can bind to the c isoforms of FGFR1, FGFR2, and FGFR3 and to FGFR4 [17] . FGF8 is highly conserved in evolution; for example, human and mouse have identical amino acid sequences for FGF8-b [18] . FGF8 has several important roles in embryogenesis; however, its expression in normal adult tissues is restricted mainly to the ovary and testis [3, 19] . Low level of Fgf8 mRNA is also expressed by the epididymis [3] . Interestingly, high levels of FGF8 are expressed in prostatic [20] [21] [22] and testicular [23] cancers. Previous studies have shown that FGF8 can promote tumorigenic properties, such as growth, invasiveness, and the angiogenic, migratory, and metastatic capacity of breast and prostate cancer cells [24] [25] [26] [27] , and can induce tumorigenesis in the mouse prostate [28, 29] . However, little is known about the effects of FGF8 in other reproductive tissues, such as the epididymis.
In the present study, we examined the effects of FGF8-b overexpression on the epididymis and testis of probasin FGF8-b Tg (FGF8-b-Tg) mice, which express FGF8-b at high levels in the epididymis and at lower levels in the testis. The results underline the importance of strictly controlled FGF signaling in the male reproductive tract.
MATERIALS AND METHODS

Transgenic Mice, Tissue Preparation, and Analysis of Histological Changes
The FGF8-b-Tg mouse lines were produced in a FVB/N strain background, and genotyping was performed as previously reported [29] . Animal experiments were approved by the Finnish Animal Ethics Committee, and the institutional policies on animal experimentation fulfill the requirements defined in the National Institutes of Health Guide for the Care and Use of Laboratory Animals. The mice were killed using carbon dioxide and cervical dislocation. The epididymides and testes were dissected, weighed, and fixed in 10% neutral formalin or 4% paraformaldehyde for histological preparations. Paraffin sections (thickness, 5 lm) were used for standard hematoxylin-andeosin (H&E), Masson trichrome, and immunohistochemical staining. For the RNA extraction, the epididymal segments (IS) were microdissected and frozen in liquid nitrogen. In some cases, the IS was prepared along with the rest of the caput epididymides (cap þ IS).
Histological analysis was performed in a blind study using H&E-stained epididymis and testis samples from 3-to 20-mo-old FGF8-b-Tg (epididymis, n ¼ 29; testis, n ¼ 26) and wild-type (WT; epididymis, n ¼ 20; testis, n ¼ 20) mice. The samples were collected from generations F 0 -F 3 of the FGF8-b-Tg lines L2, L4, and L5.
RNA Extraction and RT-PCR
Total RNA was extracted from the tissue samples using TRIzol reagent (Invitrogen, Life Technologies, Inc.) or TRIsure (Bioline) according to the manufacturer's instructions. After isolation, RNA was purified and treated with DNase in RNeasy columns (Qiagen). One microgram of total RNA was used for cDNA synthesis, as previously described [29] . The sequences of the primers used in the transgene-specific and beta-actin RT-PCRs have been previously described [29] .
Quantitative RT-PCR
For quantitative RT-PCR (qRT-PCR), the cDNAs were amplified using the SYBR Green chemistry-based Dynamo F-410 kit (Finnzymes) with amplification conditions as recommended by the manufacturer. The reactions were performed in duplicate in a volume of 20 ll using a CFX96 machine (Bio-Rad Laboratories). The sequences of the primers and the annealing temperatures used are described in Supplemental Table S1 (all supplemental data are available online at www.biolreprod.org). The primers for FGF8-b qRT-PCR amplify cDNAs derived from both the native (mouse) FGF8-b and the human FGF8-b present in the transgene construct. The PCR efficiency for each primer pair was determined using qRT-PCR analysis of a dilution series. The relative expression levels for genes of interest were calculated with the 2 ÀDDCT method [30] using beta-actin as an internal control for data normalization. Results are given as the mean 6 SD and represent the relative expression compared to those obtained in WT caput epididymidis or testis, respectively, which were set to one in arbitrary units.
Measurement of Serum Testosterone Levels
Serum testosterone levels were measured by a standard radioimmunoassay as previously described [31] with 3-to 5-mo-old WT (n ¼ 7) and L4 FGF8-bTg (n ¼ 4) mice and with 7-to 16-mo-old WT (n ¼ 12) and FGF8-b-Tg mice of lines L2 (n ¼ 7), L4 (n ¼ 8), and L5 (n ¼ 2).
Immunohistochemical Staining
Antigen retrieval was performed with 10 mM citrate buffer (pH 6) in a microwave for FGF8-b immmunohistochemistry, with ficin at 378C for laminin immunohistochemistry, or with citric acid buffer (pH 6) in a pressure cooker for androgen receptor (AR) immunohistochemistry. The primary antibody dilutions in PBS (pH 7.4) were 1:100 for anti-FGF8-b (AF-423-NA; R&D Systems), 1:50 for anti-laminin (L9393; Sigma-Aldrich), 1:200 for anti-smooth muscle actin (SMA; MS-113-P; NeoMarkers), and 1:100 for anti-AR (SC-816; Santa Cruz Biotechnology). Negative controls without primary antibody were included in each staining. For the visualization of antigen-antibody binding, biotinylated secondary antibodies, an avidin-biotinylated peroxidase complex (VECTASTAIN ABC kit, PK-4000; Vector Laboratories, Inc.), and 3,3 0 -diaminobenzidine (DAB substrate kit, SK-4100; Vector Laboratories, Inc.) were used.
Statistical Analysis
Statistical analyses were performed using SPSS 11.0 for Windows (SPSS). The normal distribution of the data was tested using the Shapiro-Wilk W-test. The two-sample t-test or the Mann-Whitney U-test was used to determine the differences between the group means. Differences in the frequencies of the histological changes between groups were tested using the chi-square test. Values of P , 0.05 were considered to be statistically significant.
RESULTS
FGF8-b-Tg Mouse Lines
Four FGF8-b-Tg mouse lines were generated [29] , and three of them (L2, L4, and L5) were further studied for epididymis and testis phenotypes. Because the number of mice in the L5 line was low and the results closely resembled those from the L4 line, the results from these two mouse lines were frequently combined.
FGF8-b-Tg Mice Express FGF8-b in the Epididymis and Testis
Quantitative RT-PCR was used to evaluate FGF8-b expression in the epididymides and testes. The results showed that the expression of FGF8-b was significantly upregulated (300-to 3700-fold compared to WT mice) in all the epididymal segments (caput, corpus, and cauda) of the FGF8-b-Tg mice (Fig. 1A) . The expression was highest in the caput epididymidis in the L4 and L5 mouse lines and in the cauda epididymidis in the L2 mice. Low levels of FGF8-b expression were also found in the corpus and caput epididymidis of WT mice. Furthermore, in the L4 line, the epididymal expression of FGF8-b mRNA was especially high in the F 1 generation, whereas in the subsequent generations (F 2 -F 5 ), the FGF8-b mRNA level was still overexpressed, but at a much lower level (Supplemental Fig. S1 ). In the testes, the FGF8-b mRNA level was upregulated 3-fold in the L2 mice and 6-fold in the L4 F 1 mice as compared to the WT mice. No significant upregulation was found in the testes of L4 mice in the F 2 -F 5 generations or in the L5 mice (Fig. 1B) . Expression of FGF8-b mRNA in the testis of WT mice was comparable to that in the corpus epididymidis of WT mice.
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staining in the epithelial cells and/or the ductal lumens of all epididymal segments of most FGF8-b-Tg mice ( Fig. 2 , E-G).
In some FGF8-b-Tg mice, positive staining was also observed in a small proportion of the stromal cells. The epididymides of the WT mice showed no staining or only weak staining for FGF8-b (Fig. 2 , A-C). In half of the FGF8-b-Tg mice (L2, L4, and L5), the seminiferous epithelium of the testes showed positive staining for FGF8-b (Fig. 2H ). The staining of the seminiferous epithelium in the FGF8-b-Tg mice was localized in the developing germ cells rather than in the Sertoli cells. The staining pattern showed no stage specificity in the spermatogenesis. The testes of WT mice showed no staining or very weak staining for FGF8-b, which was also localized in germ cells (Fig. 2D) . 
EFFECTS OF FGF8-b ON THE EPIDIDYMIS AND TESTIS
Epididymides of FGF8-b-Tg Mice Are Enlarged and Structurally Abnormal
The FGF8-b-Tg mice were macroscopically examined and compared to their WT littermates at the time of necropsy. Macroscopic abnormalities in the epididymis and testis were infrequent in the young FGF8-b-Tg mice, but they became more frequent upon aging. The frequencies of uni-or bilateral macroscopic abnormalities in the epididymis and testis, such as increased size of the epididymis and decreased size of the testis, were most frequent in the L5 line, followed by the L4 and L2 lines (Supplemental Table S2 ). In FGF8-b-Tg mice of the L4 line, the frequency and the severity of macroscopic changes in the epididymides and testes were highest in the F 1 generation. The mean weight of the epididymides was significantly higher in the 12-to 14-mo-old and 15-to 20-mo-old L2 FGF8-b-Tg mice as compared to the WT mice, whereas the mean weights of the L4 and L5 epididymides did not differ significantly from those of WT mice due to a high variance in these FGF8-b-Tg mouse lines (Fig. 3A) . The appearance of the enlarged epididymides in the L4 and L5 mice was, in some cases, cystic or tumor-like and hemorrhagic (Fig.  3B) . In all the FGF8-b-Tg mouse lines studied, the abnormal phenotype was most pronounced in the caput epididymides.
Several FGF8-b-Tg Male Mice Are Infertile Infertility, defined as an inability to produce offspring after being housed for 2 mo with a WT female, was frequently observed in the FGF8-b-Tg male mice representing the F 1 generation of the L4 and L5 lines. Infertility was accompanied by macroscopically abnormal epididymides and, in the majority of cases, by decreased size of testes. Microscopic investigation of the spermatozoa prepared from the cauda epididymides of the infertile FGF8-b-Tg mice revealed a dramatically decreased number of spermatozoa compared to that of the WT mice. Spermatozoa of the infertile FGF8-b-Tg mice were more fragile, and their heads and tails were often separated (Supplemental Fig. S2 ). Due to infertility, the L5 FGF8-b-Tg mice managed to produce only the F 1 generation.
FGF8-b-Tg Mouse Epididymides Develop Progressive Epithelial and Stromal Changes
Advancing epithelial and stromal hypercellularity and oligospermia were observed in the histological analysis of the epididymides of the FGF8-b-Tg mice (Fig. 4) . Epithelial hypercellularity was observed in the caput and cauda epididymides, and stromal hypercellularity was present in all epididymal segments of the FGF8-b-Tg mice. However, both conditions were most pronounced in the caput epididymides. Generally, the changes were more frequent and more severe in the L4 and L5 lines than in the L2 line. The histological changes in the epididymides of the young (age, 3-6 mo) FGF8-b-Tg mice were mild to moderate epithelial and stromal hypercellularity (Fig. 4 , D and E) and oligospermia (Fig. 4 , D and G-F). All these changes were observed with the frequencies of 25% in the young L2 and 40% in the young L4 FGF8-b-Tg mice (Fig. 4J) . All the histological changes were more frequent and more advanced in the epididymides of older mice, in which the hypercellular changes were often dysplastic in the epithelium (Fig. 4, F-I ) and atypical in the stroma (Fig. 4, G-I ). In two old (age, .10 mo) FGF8-b-Tg mice from the L4 and L5 lines, with macroscopically tumor- 
ELO ET AL.
I) An epididymis-derived tumor characterized by malignant stroma (#), dysplastic epithelium (arrows), and oligospermia ( ) in a 12-mo-old L4 FGF8-b-Tg mouse. J) Frequencies of histological changes in the epididymis of WT and L2, L4, and L5 FGF8-b-Tg mice in three age groups (n ¼ 4-8 per group). Because the number of samples in the 3-to 6-mo-old and 7-to 11-mo-old L2 FGF8-b-Tg mouse samples was low, no group of 7-to 11-mo-old L2 FGF8-bTg mice was included, and the group of 3-to 6-mo-old L2 FGF8-b-Tg mice (columns marked with *) contained 3-to 11-mo-old mice (n ¼ 4 total). Original magnification (A-I) 3100 (images) and 3200 (insets); bar ¼ 100 lm.
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like epididymides, the epididymal stroma was characterized as malignant (Fig. 4, H and I) , and it presented a phyllodes growth pattern (Fig. 4H) . Dilatation of the epididymal duct, characterized by a remarkably increased luminal space in the caput, corpus, and cauda epididymides (Fig. 4, F-H) , was observed in FGF8-b-Tg mice older than 6 mo. Inflammation, characterized by lymphocyte aggregates in the hypercellular stroma of the epididymides, was frequently observed in L4 and L5 FGF8-bTg mice older than 6 mo (Fig. 4, F and J) .
Degenerative Seminiferous Epithelium in the Testes of FGF8-b-Tg Mice
In several FGF8-b-Tg mice, the histology of the testes showed changes, such as a degenerative seminiferous epithelium and a significantly decreased number of spermatids suggestive of hypospermatogenesis (Fig. 5) . In some FGF8-bTg mice, hyperplasia of the testicular interstitial tissue was also observed. The severe degenerative abnormalities affecting spermatogenesis were observed earliest in the testis of a 3-mo-old mouse (Fig. 5A) , and the frequency of abnormalities increased upon aging (Fig. 5B) . No evidence was found of an arrest at a specific stage of spermatogenesis in the FGF8-b-Tg mouse testes, and the degeneration of the seminiferous epithelium seemed to be caused by a general destruction of the developing germ cells in the seminiferous epithelium. Destruction of the seminiferous epithelium did not show any specific spatial pattern in the testis and was heterogeneous among the tubules.
All histological changes in the epididymis were more frequent in the FGF8-b-Tg mice with a degenerative seminiferous epithelium compared to the FGF8-b-Tg mice with normal testis histology (Supplemental Fig. S3 ). The differences in the frequencies of epididymal changes between these two FGF8-b-Tg groups were statistically significant for the stromal hypercellularity (P ¼ 0.004), oligospermia (P ¼ 3.3 3 10 À5 ), dilatation of the ducts (P ¼ 0.004), and inflammation (P ¼ 0.003).
FGF8-b-Tg Mice Have Normal Serum Testosterone Levels
The serum testosterone levels were measured in young (age, 3-4 mo) WT and FGF8-b-Tg (L4) and old (age, 7-16 mo) WT and FGF8-b-Tg (L2, L4, and L5) mice. No statistically significant differences were found between the testosterone levels in the young or old WT (5.19 6 3.26 and 5.49 6 2.20 ng/ml, respectively) and the FGF8-b-Tg mice (young L4, 15.35 6 11.39 ng/ml; old L2, 2.52 6 1.13 ng/ml; old L4 and L5, 5.40 6 1.25 ng/ml) in any of the mouse groups studied (P ¼ 0.571, 0.321, and 0.468, respectively). The serum testosterone levels did not differ significantly between the WT (5.49 6 2.20 ng/ml) and FGF8-b-Tg mice with normal (3.80 6 1.25 ng/ml) or abnormal (4.57 6 1.38 ng/ml) reproductive tracts (P ¼ 0.758 and 0.831, respectively) or between the fertile WT (2.00 6 0.585 ng/ml) and fertile (2.61 6 1.87 ng/ml) or infertile (8.02 6 2.42 ng/ml) FGF8-b-Tg mice (P ¼ 0.778 and 0.078, respectively).
Epididymides of FGF8-b-Tg Mice Display Marked Stromal Alterations
Composition of the epididymal tissue of WT and FGF8-bTg mice was assessed by immunohistochemical detection of laminin, SMA, and AR-expressing cells and by Masson trichrome staining. Immunohistochemical staining for laminin, which is a basement membrane component, formed a positively stained, thin layer around the ductal epithelium of the WT mouse epididymides (Fig. 6A) . In the FGF8-b-Tg mouse epididymides with hypercellular stroma, the lamininpositive layer around the ductal epithelium was thicker than in the mice with a normal stroma (Fig. 6B) . In the epididymides with malignant stroma, laminin staining was often missing around the ductal epithelium, and irregular laminin-positive areas were observed in the stroma (Fig. 6C) .
Immunohistochemical staining of SMA revealed a positively stained layer of smooth muscle cells around the epididymal duct in all the epididymal segments of WT mice (Fig. 6D) . Among the FGF8-b-Tg mice with stromal hypercellularity, SMA-positive staining was less uniform and varied in thickness from a thin to a notably thickened layer (Fig. 6, E  and F) . Most of the atypical and malignant stroma in the FGF8-b-Tg mice was negative for SMA staining (Fig. 6F) . 
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The Masson trichrome staining for connective tissue, which stains collagen fibers blue-green, muscle fibers red, and cytoplasm pink, showed that the hypercellular stroma of the FGF8-b-Tg mice contained increased amounts of collagen fibers (Fig. 6H) . The atypical and malignant epididymal stroma contained blue-green-stained collagen fibers and red-stained cells in a disorganized pattern (Fig. 6I) .
Immunohistochemical staining for AR was positive in the nuclei of the epithelial cells in the epididymides of both the WT and FGF8-b-Tg mice (Fig. 6, J-L) . In the FGF8-b-Tg mice with atypical stromal hypercellularity, some of the stromal cells were also positive for AR (Fig. 6K) . Strong positive staining of the stromal cells for AR was observed in the two FGF8-b-Tg mouse epididymides containing malignant stroma with a phyllodes growth pattern (Fig. 6L) .
Caput Epididymides of FGF8-b-Tg Mice Present Changes in the Expression of FGF Target Genes and Fgfr Genes
Quantitative RT-PCR was used to study gene expression levels in the caput and the IS of epididymides of WT and FGF8-b-Tg mice of the L4 and L5 lines. The genes for osteopontin (Spp1), connective tissue growth factor (Ctgf), early growth response (Egr1), apolipoprotein D (Apod), and forkhead box q1 (Foxq1) were studied, because they had previously been found to be upregulated in the ventral prostate of FGF8-b-Tg mice [29] . In the caput (cap þ IS) epididymides of old (age, 12-16 mo) FGF8-b-Tg mice (L4 and L5, F 1 , n ¼ 4), the expression of Spp1, Ctgf, Apod, and Foxq1 was significantly upregulated (P ¼ 0.027, 0.010, 0.009, and 0.021, respectively), but the expression of Egr1 was downregulated (P ¼ 0.012) (Fig. 7) . In the same samples, the expression of known epididymal FGF target genes, ets variant 5 (Etv5) and Dusp6, was also downregulated (P ¼ 0.021 and 0.022, respectively). In addition, the caput-specific genes, Lipocalin 5 (Lcn5; also known as murine epididymal retinoid acidbinding protein) and cysteine-rich secretory protein 4 (Crisp4), seemed to be downregulated, but the difference was not statistically significant (P ¼ 0.054 and 0.149, respectively) (Fig. 7) .
Using qRT-PCR, the expression of the above-mentioned genes was also studied in the caput and IS samples of young (age, 3À6 mo) and old (age, 14-16 mo) L4 FGF8-b-Tg mice of the F 2 -F 5 generations, which were shown to express significantly lower levels of FGF8-b than the L4 F 1 epididymides (Supplemental Fig. S1 ). No significant differences in the mean mRNA levels of any of these genes were found between these FGF8-b-Tg mice and the corresponding WT mouse samples (data not shown).
The expression of Fgfr1-b, Fgfr1-c, Fgfr2-b, Fgfr2-c, Fgfr3-b, Fgfr3-c, and Fgfr4 in the caput epididymides was also studied using qRT-PCR (Fig. 8) . In the caput epididymidis of FGF8-b-Tg mice (L4 and L5, F 1 ) with a high relative quantity of FGF8-b mRNA (1000-fold greater than that in the WT mice), Fgfr1-c was upregulated, and Fgfr3-c was downregulated, compared to the WT mice. No changes in expression levels of Fgfr genes were found in the FGF8-b-Tg caput epididymides expressing lower quantities of FGF8-b mRNA (data not shown). No expression of Fgfr4 was detected in any of the WT or FGF8-b-Tg caput epididymidis samples studied.
DISCUSSION
The epididymis and the testis are among the few organs shown to express Fgf8 in the adult mouse [3] . Because the
Relative expression of genes previously found to be upregulated in FGF8-b-Tg mouse prostates (Spp1, Ctgf, Apod, Egr1, and Foxq1), FGFregulated genes (Etv5 and Dusp6), and genes specific for the caput epididymidis (Lcn5 and Crisp4) in the caput (cap þ IS) epididymides of 12-to 16-moold WT and FGF8-b-Tg mice (L4 and L5, F 1 ) as analyzed using qRT-PCR. Beta-actin was used as internal control for normalization of mRNA levels as defined by qRT-PCR. For each gene, the normalized mean mRNA value of the WT caput epididymidis was then used as a reference set to one in arbitrary units to determine the relative expression in FGF8-b-Tg caput epididymis as a fold-change. Values are presented as the mean 6 SD. Statistical significance was assessed using t-tests or the Mann-Whitney U-test (*P , 0.05, **P , 0.01). NS, not significant.
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testis-derived FGF8 is present in the rete testis fluid [6] , the epididymis can be exposed to FGF8 in a lumicrine, autocrine, and paracrine way. Although the presence of FGF8 and its receptors has been shown in both the testis and the epididymis, their exact functional role in these organs is not known [2] . In the present study, we examined the effects of FGF8 overexpression on the epididymis and testis of FGF8-b-Tg mice. We showed that FGF8 is overexpressed at high levels in the epithelium of all epididymal segments and at lower levels in the testicular seminiferous epithelium of the FGF8-b-Tg mice. The epididymides of the FGF8-b-Tg mice presented stromal and epithelial hypercellularity that progressed upon aging to atypical and malignant changes in the stroma and dysplastic changes in the epithelium. The epididymides of FGF8-b-Tg mice were often enlarged and cystic, and in addition to stromal and epithelial hypercellularity, they contained a dilated duct, a dramatically decreased number of spermatozoa, and inflammation. Morphological changes were most frequent in the caput epididymides of the FGF8-b-Tg mice, but similar changes were also observed in other epididymal segments.
In association with morphological and histological changes in the epididymis, FGF8-b-Tg mice showed degenerative seminiferous epithelium of the testis, hypospermatogenesis, and infertility. Serum testosterone levels were normal in young and old FGF8-b-Tg mice and in infertile individuals, suggesting that the fertility problems were not caused by a failure in androgen production by the Leydig cells. This is in line with the immunohistochemical localization of FGF8-b in the seminiferous epithelium, but not in the Leydig cells, of FGF8-b-Tg mouse testes. Degeneration of the seminiferous epithelium in the testis of FGF8-b-Tg-mice could be a primary effect of FGF8-b overexpression in the testis or a secondary effect caused by the morphological changes, such as the stromal or epithelial hypercellularity in the epididymis. A direct effect of FGF8-b on spermatogenesis is possible, because FGFRs are expressed in the developing germ cells and in the Sertoli cells [10, 11] . A primary effect of local FGF8-b production is supported by the histological observation that the degenerative phenotype in the testis did not present a spatial pattern advancing from the direction of rete testis but, rather, was sporadic along the tubules. A clear spatial pattern in the degeneration of seminiferous epithelium would be expected in the case of pressure atrophy caused by an occlusion or a defect in fluid reabsorption downstream of the testis, as reported in the estrogen receptor 1 (Esr1; previously known as estrogen receptor alpha) knockout [32] and G protein-coupled receptor 64 (Gpr64; previously known as human epididymal protein 6) knockout mice [33] . However, the possibility of a secondary effect caused by the epididymal changes, such as stromal hypercellularity or inflammation, which were found to be associated with degenerative testicular epithelium, cannot be ruled out. Finally, it is probable that both the testicular and the epididymal phenotypes found in the FGF8-b-Tg mice can lower the fertility by separate mechanisms.
The FGF8-b-Tg mice were initially developed to study the effects of FGF8-b overexpression in the prostate [29] . Similar to the present study, epididymal expression of the probasin (Arr2/Pbsn)-driven transgene has been reported in the corresponding FGF8-b-Tg mouse model developed by Song et al. [28] and in the Arr2/Pbsn-luciferase reporter ETZ2 mouse model [34] , but not in other genetically engineered mouse (GEM) models using the Arr2/Pbsn promoter [35] [36] [37] [38] . Testicular expression driven by Arr2/Pbsn has been reported in at least two previous studies [34, 36] . Interestingly, Song et al. [28] found only a mild chronic inflammation but no other changes in the epididymides of FGF8-b-Tg mice, whereas fertility was not affected. Differences in the phenotypes of our FGF8-b-Tg mice and the corresponding mice generated by Song et al. [28] could be a consequence of different genetic backgrounds of the mouse strains (FVB/N vs. C57BL 3 DBA2) used or differences in the expression levels of the transgene.
Interestingly, the histological changes in the FGF8-b-Tg epididymides, especially in the stromal compartment, closely resembled those previously found in FGF8-b-Tg mouse prostates [29] . In both the prostate and the epididymis, and Fgfr3-c in the caput epididymides of 7-to 16-mo-old WT and FGF8-bTg mice from lines L4 and L5 (F 1 ) as analyzed using qRT-PCR. Beta-actin was used as an internal control for normalization of mRNA levels as defined by qRT-PCR. For each gene, the normalized mean mRNA value of the WT caput epididymidis was then used as a reference set to one in arbitrary units to determine the relative expression in FGF8-b-Tg caput epididymis as a fold-change. Values are presented as the mean 6 SD. Statistical significance was assessed using t-tests and the Mann-Whitney U-test (*P , 0.05). NS, not significant.
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transgene expression was localized primarily in the epithelium, but a strong stromal activation was seen in both tissues. In both organs, the hypercellular stroma contained inflammatory cells and increased numbers of collagen fibers, indicative of an increased number of fibroblastic cells. In addition, the smooth muscle layer was irregular in both organs. In old FGF8-b-Tg mice, both the prostatic and the epididymal stroma were atypical or malignant and disorganized. In both the epididymis and the prostate, the basement membrane, as indicated by laminin staining, was generally more pronounced in the hypercellular stroma, and in areas containing atypical or malignant stroma, the basement membrane was partly destroyed. Interestingly, in the malignant stroma of the epididymides, an increased number of AR-positive cells was found, similar to that in the FGF8-b-Tg prostate [29] . The phenotypic similarities between the prostate and epididymis of FGF8-b-Tg mice suggest that the molecular mechanisms induced by FGF8-b in both organs are highly similar. Accordingly, most of the genes that were previously found to be upregulated in the FGF8-b-Tg prostate-namely, Spp1, Ctgf, Apod, and Foxq1 [29] -were also upregulated in the epididymis. Unexpectedly, the expression of Etv5 and Egr1, transcription factors that have previously been shown to be induced by FGF signaling [39, 40] , were downregulated in FGF8-b-Tg epididymides at old age. It is thus possible that the initial effects of increased FGF signaling are different from those seen after a prolonged FGF8 exposure time. Evidence also exists for the autoregulation of Etv5, which could explain its downregulation after prolonged signaling [41] . The decreased expression of caput-specific genes, such as Lcn5 and Crisp4, was expected in the FGF8-b-Tg epididymides, because these genes are associated with the normal differentiation and function of the caput epididymides, which presumably are disturbed in the FGF8-b-Tg mice.
The data indicated that even within the same FGF8-b-Tg mouse line, a large variation occurred in both the expression of the transgene in the caput epididymides and in the macroscopic and histologic phenotype. Furthermore, the alterations in the endogenous gene expression, such as that of Spp1, Ctgf, and Fgfr1-c, correlated with the level of transgene expression. Accordingly, infertility and the strongest epididymal and testicular phenotypes were also associated with high expression levels of FGF8-b in the epididymis. In the caput epididymides of FGF8-b-Tg mice of the L4 line, extremely high transgene expression levels were found only in the F 1 generation; the expression level of the transgene was downregulated in later (F 2 -F 5 ) mouse generations. A corresponding downregulation of FGF8-b mRNA expression in the F 2 -F 5 generations was not observed in the prostatic tissue of L4 FGF8-b-Tg mice, which suggests a different mechanism for the regulation of transgene expression in the prostate and epididymis rather than simply changes in the copy numbers of the transgene.
The expression of Fgfr1-c mRNA was upregulated, and that of Fgfr3-c mRNA was slightly downregulated, in the caput epididymides of FGF8-b-Tg mice with high FGF8-b expression levels (1000-fold greater than the mean value in the WT mice). Consistently, an upregulation of FGFR1-c is found in the ventral prostates of FGF8-b-Tg mice (unpublished results). This suggests that high levels of FGF8 might autoregulate the expression of its receptors, as was recently shown in neuronal and fibroblastic cell lines [42] . Our previous studies in the S115 mouse mammary carcinoma cell line also showed that FGFs can regulate the expression of Fgfr mRNAs [43] . Interestingly, evidence exists for the involvement of FGFR1 signaling in mitogenic and tumorigenic processes [44] [45] [46] , and FGFR3 has been shown to inhibit proliferation in several cell types [47, 48] . In colorectal carcinoma cells, a reciprocal relationship between and opposing roles for FGFR1 and FGFR3 have been shown [49] . It has also been shown that both Fgfr1-c and Fgfr3-c are expressed in the IS of epididymis, and Fgfr1-c has been localized in the principal cells of the IS epithelium [6] . Fgfr genes are expressed in other segments of the epididymis as well [4, 5] , but the isoforms being expressed and the exact cellular localization are not known.
In the epididymis of FGF8-b-Tg mice, forced overexpression of FGF8-b in the epididymal epithelium caused a strong stromal reaction associated with epithelial hypercellularity, similar to that previously reported in the prostate [29] . Stromal phenotypes in the epididymis have rarely been described in GEM models. Of those few cases, a thick, condensed stroma has been observed in the hypoplastic epididymides of Lgr4-knockout mice [50] and in the caput epididymides of Pdgfaknockout mice [51] . In both of these models, the abrogated genes likely are essential for normal epithelial-mesenchymal interactions during the development of the epididymis. In contrast, in the FGF8-b-Tg mice, the progressive stromal phenotype more likely is a consequence of continuous high expression of FGF8-b in the postpubertal epithelium, because the expression of the androgen-dependent Arr2/Pbsn promoter is induced at sexual maturation [35] and, accordingly, only mild phenotypes were observed in the epididymides of young FGF8-b-Tg mice.
Epididymal cancer is remarkably rare in humans [52] and in GEM models. The only GEM model in which epididymal carcinoma in situ has been described is the Tg mouse with epididymal overexpression of the oncogenic simian virus 40 (SV40) T-antigen [53] . Interestingly, enhanced FGF signaling induced malignant changes in the epididymal stroma of FGF8-b-Tg mice. However, in contrast to the prostate [29] , dysplastic epithelial changes in the epididymides of FGF8-b-Tg mice did not progress to invasive cancer, which could reflect the obvious resistance of the epididymis against development of malignancies.
Several lines of evidence suggest that FGF signaling is essential for normal epididymal and testicular functions, such as sperm development and maturation [2] . The present results show that the enhancement of FGF signaling by increased epithelial expression of FGF8-b in the epididymis and testis induces hypercellular, dysplastic, and malignant changes in the epididymis and degeneration of the seminiferous epithelium and hypospermatogenesis in the testis. These alterations presumably affect both epididymal and testicular functions and can lead to infertility. The similarities between prostatic and epididymal gene expression profiles and stromal alterations in the FGF8-b-Tg mice suggest that corresponding mechanisms are triggered in both organs [29] . Taken together, our results underline the importance of tightly regulated FGF signaling in maintaining morphological and functional homeostasis in the testis and epididymis.
